We have established through simulations and experiments the area over which Velocity Map Imaging (VMI) conditions prevail. We designed a VMI setup in which we can vary the ionization position perpendicular to the center axis of the time-of-flight spectrometer. We show that weak extraction conditions are far superior over standard three-plate setups if the aim is to increase the ionization volume without distorting VMI conditions. This is important for a number of crossed molecular beam experiments that already utilize weak extraction conditions, but to a greater extent for surface studies where fragments are desorbed or scattered off a surface in all directions. Our results on the dissociation of NO 2 at 226 nm show that ionization of the fragments can occur up to ±5.5 mm away from the center axis of the time-of-flight spectrometer without affecting resolution or arrival position.
I. INTRODUCTION
Over the last 15+ years, Velocity Map Imaging (VMI) has become one of the most extensively used techniques in the area of gas-phase reaction dynamics. [1] [2] [3] It is employed in photodissociation studies, 4 photoelectron imaging, 5, 6 and cluster experiments to name a few. 7 VMI has evolved from ion imaging techniques developed in the mid-1980s whose aim it was to simultaneously record kinetic energy and angular distributions of product fragments. 8 In a typical photodissociation experiment, the molecule of interest is dissociated, typically using laser radiation, and one (or multiple) fragment(s) are ionized, often in a REMPI (resonance-enhanced multi-photon ionization) scheme. These fragments, which travel with essentially the same velocity as their parent fragments due to the negligible mass of the ejected photoelectron, are accelerated within a set of ion optics towards a position-sensitive detector. From the fragments' arrival position, information about their kinetic energy and angular distributions can be gained.
The major breakthrough stemming from the advent of VMI is the increased velocity resolution; by omitting the grids that were used in the ion optics until then, a "lensing" effect is achieved. 1 The increased resolution manifests itself in the fact that the position where the ions are created (the cross section of the molecular beam and the ionization laser) no longer affects the arrival position on the detector. However, this cross section is most often only a small cylinder created typically by a focused laser beam of tens or hundreds μm diameter intersecting a molecular beam of a couple of mm diameter. "Standard" VMI ion optics using a repeller, extractor, and ground plate can easily velocity map all fragments ionized in this small cylinder.
More refined ion optics arrangements have been devised with various aims in mind. The addition of extra electrodes can improve resolution, magnify the image, and allows the ion cloud to be stretched in the time-of-flight (TOF) direca) sven.koehler@manchester.ac.uk tion which opens up the possibility of slicing. [9] [10] [11] Recording only the central portion of the ion cloud supersedes the need for an error-prone Abel transformation of the raw image. 12 Weak extraction conditions (for electron imaging from anionic species) have also been reported in order to maintain low fields in the interaction region to avoid deflecting the ion beam. 13 Most relevant to the present paper, weak extraction conditions for ion imaging have been devised by Liu and coworkers 14 and Yang and co-workers 15 for crossed-molecular beam studies, and are also used by Reisler and co-workers 16 and Powis and co-workers, 17 amongst others. In crossedmolecular beam experiments, fragments may potentially scatter in all directions and hence may have to be ionized in a large volume. Ion optic designs consisting of between 20 and 30 electrodes have been constructed, and in addition to the fact that these can conveniently be used to slice the ion cloud, it has been found that these weak extraction conditions increase the area (where area is a slice parallel to the repeller plate) over which VMI conditions prevail. 14, 15 While a shift in ionization position along the TOF axis still changes imaging conditions (though to smaller extent) as already reported in the first VMI paper, 1 shifts in the two dimensions perpendicular to the TOF axis do not seem to significantly change results in these multi-plate setups. The closely spaced electrodes are typically divided into three parts with the first few electrodes ensuring weak field conditions, and the last electrodes supplying the strong fields necessary to image the ions onto the detector, with a few intermediate electrodes to ensure a smooth transition between the two regions.
We set out to optimize weak extraction conditions for surface VMI studies. Some early reports that use VMI for surface desorption and scattering studies have emerged from various laboratories over the last three years. [18] [19] [20] [21] [22] It is evident that neutral fragments desorbed from or scattered off a surface can fly in all directions of the hemisphere above the surface. In contrast to surface studies using rotatable mass-spectrometers, surface VMI can record these fragments flying in all directions simultaneously, but only if all fragments covering the whole angular distribution are ionized. To make this point clearer: If fragments originate only from a very small spot on the surface and are ionized by a pointsource a few mm above the surface directly in front of the originating spot on the surface, then only those fragments flying normal to the surface are being detected; this not only squanders the advantages of the VMI technique, but more importantly yields biased or even incorrect results with respect to the speed and angular distributions. Hence, in a laserdesorption experiment with REMPI detection, one has to ensure that (literally) all angles are covered; this can be done by increasing the diameter of one of the two laser beams involved. A comparison with optical slicing methods applied in typical gas-phase imaging experiments is helpful here. In order to let the ion cloud expand, it is possible to dissociate the molecule of interest using a point-focused laser beam, but to detect the fragments using a laser sheet (created by employing a cylindrical lens or by rastering the laser up and down) after some time delay to allow the ion cloud to expand as shown by Suits and co-workers. 23 Counter-intuitively, Chestakov et al. used a sheet-focused dissociation laser and a point-focused ionization laser; this setup still achieves the goal that fragments flying in all directions are detected, but this time with a higher laser fluence which can be advantageous for many REMPI detection schemes. 24 For surface experiments, fragments can be similarly desorbed from a small spot and detected a few mm above the surface using a REMPI laser sheet (dot-sheet); alternatively, a large diameter desorption laser beam can be employed (or a few mm diameter molecular beam impinging on the surface) and fragments ionized using a point-focused ionization laser (sheet-dot), see Fig. 1 . While the latter has already been employed and has advantages in terms of REMPI laser fluence, 18 the dot-sheet configuration is more intuitive. However, at a typical surface-laser distance of 5 mm, the REMPI laser sheet has to be 10 mm wide to collect a 90
• angle symmetric to the surface normal, and VMI conditions have to prevail in the entire volume in which fragments are ionized.
While the beauty of VMI lies in the fact that the arrival position on the detector is independent of where the ions are formed, but is instead only a function of their velocity, this is only true for a small area around the center axis within the ion optics; this work reports for the first time how far away from the center axis of the VMI spectrometer one can ionize without compromising arrival position or resolution.
II. EXPERIMENTAL SETUP
Our new VMI spectrometer consists of a molecular beam and a TOF chamber, the latter of which contains the VMI optics and detector (shown in Fig. 2) . A molecular beam is formed by supersonic expansion of a 1%-3% mixture of the target molecule (here NO 2 or Cl 2 ) in He through a General Valve (500 μm diameter orifice, 300 μs opening time) pulsed valve at a stagnation pressure p abs = 1. turbomolecular pumps. The valve and skimmer are mounted inside a brass "birdcage" assembly as found in many laboratories. After a flight path of 25 cm, the molecular beam enters a set of ion optics. The first plate, commonly referred to as repeller plate, is a standard 10 cm diameter stainless steel plate (1 mm thick) with a central 2 mm hole to accept the molecular beam. For the experiments described here, this plate is replaced by a plate with 1.5 mm diameter holes placed 1, 3, 5, and 7 mm below, and 2, 4, and 6 mm above the center axis, see Fig. 3 .
The repeller plate is the first of 12 electrodes that constitute the ion optics in our setup, all 1 mm thick with a diameter of 10 cm and spaced 9.5 mm apart. These are surrounded over the entire length by a shielding cylinder with a radius of 6 cm containing a pair of horizontally aligned holes for laser access between the first two electrodes. The ion optics are biased by home-built power supplies based on four Applied Kilovolts (HP005PPP025) modules; the first four electrodes are controlled by one module using variable external voltage dividers to provide four independently tunable voltages, while electrodes five and six are controlled by a separate module each. The last electrode is permanently grounded, and electrodes 7-11 are controlled in a similar fashion to electrodes 1-4. The optimum ratio of the electric field gradient between the first and second region is around 2.5, and imaging conditions (and magnification) can be most easily tuned by changing that ratio. At an overall acceleration voltage of 1000 V, this setup allows us to have relatively weak fields in the interaction region (∼50 V cm −1 and ∼125 V cm −1 in the latter stages of the setup) while still being able to image all fragments in the photodissociation of NO 2 or Cl 2 at ∼226 and 351 nm, respectively. The fragments are detected by a 40 mm MCP (Chevron-type, Burle Photonis) coupled to a Phosphor screen mounted on a CF100 flange at the end of a 45 cm flight path. The MCP can be operated in pulsed mode using a DEI PVX-4140 high voltage pulser, which together with our weak extraction conditions allows us to perform DC slicing. Images from the Phosphor screen are recorded using a synchronized charge coupled device (CCD) camera (FOculus FO124TB, 640 × 480), and the captured images transferred to a PC using a National Instruments frame grabber (NI PCI-8254R). Custom-written LabVIEW software is used to accumulate and save the images, centroiding and further analysis can also be performed by this program.
The center between the first and second electrode is at the center of a custom-made 6-way cross where the molecular beam is intersected by a photolysis and detection laser.
Cl 2 is dissociated using a 351 nm Excimer laser (Questek 2110, 15 ns pulsed, 50 mJ pulse −1 ) whose output is split by a quartz window mounted at Brewster's angle to give <2 mJ vertically polarized light which is focused by a 30 cm lens. The third harmonic of a Continuum Powerlite 8020 is used to pump a Radiant Dyes NarrowScan laser using Coumarin 470 to output 7 ns (FWHM) long pulses which are frequencydoubled in a BBO crystal to yield 1-2 mJ of laser radiation between 230 and 235 nm. This light (vertically polarized using a periscope) is tightly focused by a 20 cm lens and counter-propagates the photolysis laser. Chlorine atoms in the electronic ground-state but with different spin-orbit splitting ( 2 Cl 3/2 (Cl) and 2 Cl 1/2 (Cl*)) are detected by REMPI spectroscopy via the 2 D 3/2 and 2 P 3/2 transitions at 235.326 and 236.518 nm, respectively. REMPI spectra and images for NO after NO 2 dissociation at around 226 nm were recorded on the (0,0) A ← X band.
III. RESULTS

A. Simulations
In the past, improvements have been made to the standard three plate ion optics design for VMI experiments for various reasons. More sophisticated designs were devised to improve resolution; one or two additional plates were introduced to spread the ion cloud for DC slicing; 23 delayed fields were applied to the optics for slicing; 25 many-plate setups were devised for crossed-molecular beam experiments in order to increase the ionization volume and to derive the velocity in the z dimension (along the TOF) directly; 14, 15 and the use of a continuously varying field using a glass tube in order to minimize electric fields in the interaction region for ion beam studies. 13 Our main aim here was to design a relatively simple set of ion optics that can be used for surface VMI studies. As it is imperative to collect fragments leaving the surface under all possible angles, it is necessary (in the case of the more intuitive arrangement where the fragments leave the surface from a small spot) to ionize the fragments over a large area in front of the surface where the surface is typically incorporated into the repeller plate. This in turn requires VMI conditions to prevail over a large area in front of the surface in case of the dot-sheet geometry.
If the fragments are ionized a few mm in front of the surface by a pulsed laser, then this laser probes a subset of the ejected/scattered fragments with a certain speed determined by the surface-probe laser distance and the pump-probe delay; varying the timing of this probe laser with respect to the event causing the fragments to leave the surface allows one to record TOF profiles and ultimately speed distributions along the surface normal. Hence optimizing sliced-VMI conditions in order to derive v z was not the main aim of our design (albeit nonetheless possible) as this is easier performed recording TOF profiles. The creation of a reasonably large area on which VMI conditions prevail was instead the main aim here, and the experimental validation of how large this area is.
To that end, we settled for a design employing 12 electrodes as a reasonable compromise between experimental complexity and increased VMI area. Trajectory simulations (SIMION 8.0, Scientific Instrument Services, Inc.) were performed with ion origins offset up to ±7.5 mm either side of the center axis of the TOF spectrometer, where the two dimensions x and y parallel to the repeller plate and detector are equivalent due to the cylindrical symmetry of the ion optics. Using conditions chosen to mimic NO 2 photodissociation at 226 nm at seven different positions, the overall resolution at 1000 V overall acceleration voltage is better than 2%, see Fig. 4 ; this can be compared to the resolution obtained when only the first three electrodes are biased which is >8% (employing a 15 mm distance between ion origins). The origin of the ions is ±7.5 mm offset from the center axis of the spectrometer. The close-ups show a resolution better than 2% for the more elaborate setup compared to 8% for either 3-plate setup.
B. Calibration
The apparatus was velocity calibrated by studying the well-known photodissociation of Cl 2 at 351 nm using the output of an Excimer laser running XeF. 26, 27 The 351 nm beam was reflected off a quartz window mounted at Brewster's angle, and the predominantly vertically polarized beam was focused using a 30 cm plano-convex lens. Cl fragments were recorded via the Cl ( 2 D 3/2 ) (Cl) and the Cl ( 2 P 3/2 ) (Cl*) transition at 235.326 and 236.518 nm, respectively. Integration of the images over all angles delivers peaks at radii with a linear relationship to the predicted velocity. The resolution is around 1% for a 2 mm diameter molecular beam. (Note that the resolution quoted above was from simulations in which the ions' origins deviate by ±7.5 mm from the TOF axis.)
C. Offset results
We used the one-color photodissociation of NO 2 to verify the extent of the VMI area. The molecular beam containing 1%-3% of NO 2 in He was skimmed and after a flight path of 25 cm introduced to the ion optics assembly. NO 2 was dissociated at 226.1 nm and NO ( 2 ) fragments recorded on the (0,0) A ← X band. At this wavelength, the counter-fragment oxygen is produced as O( 3 P) and O( 1 D), and through a number of different NO intermediate states, the various known peaks in the NO kinetic energy distribution are formed. 28 Initially, various different repeller plates were used in succession, each with a single 2 mm hole at a different offset position, and the plates were changed between experiments. However, the position of the electrode assembly after changing the repeller plate was not reproducible, with noticeable consequences for the ion arrival position (offset by up to tens of pixels), and hence an alternative arrangement was devised that avoided having to disassemble the ion optics for each position. A single repeller plate containing multiple vertically arranged holes (1.5 mm diameter) was used instead, see Fig. 3 . Over the 25 cm distance between the centrally mounted skimmer and the repeller plate, the molecular beam expands, resulting in a beam diameter >20 mm. Using the multi-hole repeller plate, we hence created a series of almost parallel beams travelling along the TOF axis between the first and second plate. The fact that beams further away from the center axis are not parallel to the center beam is almost negligible but accounted for in the analysis. The dissociation and ionization laser beam can be moved in the vertical direction by means of a translational micrometer stage, thus allowing any one of the multiple molecular beams to be intersected and imaged.
We performed imaging experiments at interaction positions vertically offset by −7, −5, −3, −1, 2, 4, and 6 mm from the TOF axis. These positions were defined by the holes in the repeller plate, and the greatest offsets limited by the size of our viewport. Quadrants of the recorded images are shown in Fig. 5 . As our goal was to measure how far away from the center axis fragments could be ionized while still adhering to Velocity Map Imaging conditions, the following conditions must be fulfilled: Not only must the different images be identical in size and shape, but most importantly the images must not move for different molecular beam positions; such a shift of the image position on the detector for fragments with identical velocities but different molecular beam positions would equate to an error in the determination of the velocity, and would significantly limit the resolution of the apparatus. We hence analyzed the images in three ways in order to quantify the validity of VMI conditions: (a) The center of inversion of each image was compared to the image recorded with no molecular beam offset, and the displacement converted to a velocity shift using our calibration function. (b) The peak kinetic energy of the most intense ring was determined for all images to ensure that the magnification does not change significantly. (c) The FWHM in the velocity distributions of the main ring was compared for different images. The determination of the center of inversion of each image was performed using a routine in BASEX. 29 Since the molecular beam originates from one point, namely the centrally mounted same velocity ionized anywhere within a defined volume are imaged onto the same spot on the detector, and that neither the arrival position nor the resolution are compromised. The results shown in Fig. 6 show that with our VMI setup, these conditions are comfortably fulfilled up to a position 5.5 mm away either side of the center of the TOF axis.
IV. DISCUSSION AND CONCLUSIONS
We set out to experimentally verify how far away from our spectrometer's center axis VMI conditions still prevail. Multi-plate VMI setups have been used in the past primarily to stretch the ion cloud to allow the z-component of the velocity to be resolved with high precision, but also to increase the volume in which VMI conditions prevail for crossed-molecular beam studies; both aims are achieved by using weak extraction fields in the interaction region. We have shown here that our soft focusing conditions using 12 electrodes can image fragments that are up to ±5.5 mm away from the center of the TOF axis while still adhering to VMI conditions, i.e. focusing all fragments with the same velocity onto the same spot on the detector. While we have only tested these conditions in one dimension (vertical or x-direction), our results indicate that VMI conditions prevail in a plane parallel to the surface (or repeller plate) and roughly 95 mm 2 in area due to the cylindrical symmetry of the ion optics; this area can easily be covered by a probe laser sheet. We note that fragments ejected from or scattered off the surface nonsymmetrically can also be resolved with our setup. The low electric fields in the interaction region also make the setup less susceptible to variations to the exact position of the probe laser along the direction of the molecular beam (z-direction), however, this has been kept constant in the present experiments, and could also feasibly remain unchanged when using a sheet-focused REMPI laser.
The reported results are relevant to surface studies using the VMI technique in which fragments are ejected from or scattered off a surface. While the signal-to-noise ratio is superior for a geometrical arrangement in which the "pump"-event covers a large area of the surface and the probe laser is focused to a small spot centrally located in front of the pump area, the more intuitive geometry involves a small-diameter desorption laser or molecular beam and a large laser sheet to ionize the fragments. In either case, delaying the probe laser with respect to the pump event and precisely knowing the distance between surface and probe laser allows one to perform TOF measurements which can deliver the speed distribution in the z-direction; in addition, the two speed distributions parallel to the surface (and detector), i.e. in the x-and y-direction, can be recorded to yield three-dimensionally resolved velocity distributions if combined appropriately.
In the few surface VMI experiments reported, the REMPI laser was usually focused between 1.5 and 4 mm in front of the surface. [18] [19] [20] 22 The solid angle of the cone that is reliably covered by a REMPI laser sheet is given by 2 × tan −1 (d /2 × z) where d is the diameter of the laser sheet and z is the surface-laser distance. In other words, we could easily choose to record the whole velocity distribution within a 120
• cone by placing the laser sheet 3.2 mm in front of the surface. This is cautioning on the safe side determined by our experimental conditions which yielded a diameter of 11 mm whereas our simulations yielded 15 mm. If a larger surfacelaser distance and hence a larger REMPI sheet is required, then the consequence is only a reduction of the resolution by around 2% for each added mm in the diameter of the laser sheet. While this may be unacceptable for the understanding of some surface processes, many surface reactions exhibit quite broad angular scattering distributions which could still be fitted from slightly lower resolution velocity map images.
In summary, we have described our new multi-plate VMI setup and measured the extent of the area parallel to the VMI electrodes in which VMI conditions prevail without compromising VMI conditions. The significance of the size of this area has already been realized for crossed-molecular beam studies, but is even more apparent for surface VMI studies. Our results show that under the right geometric conditions, it will be possible to record fully resolved 3D velocity distributions after surface reactions using the more-intuitive dot-sheet geometry.
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